The purpose of this study was to evaluate dentin bond strengths and to observe the adhesive-dentin interface after acid-base challenge using fluoride-free and fluoride-releasing self-etching adhesive systems; Clearfil SE Bond (SE), FL-Bond (FL) and FL-Bond II(FL II). Fifteen dentin surfaces from human molars were ground and bonded with one of three adhesive systems. The microtensile bond strength (µTBS) test was performed at a crosshead speed of 1 mm/min. The interface of the bonded specimens after acid-base challenge were also examined by a SEM.
INTRODUCTION
Reliable dentin bonding systems are essential for the long-term clinical success of resin composite restorations. Adhesion is thought to enhance sealing of the cavity margin, resulting in protection of the restoration against secondary caries. However, replacing restorations due to secondary caries is still an ongoing problem in restorative dentistry 1) . The presence of a hybrid layer is necessary for maintaining adhesion stability, which also shows structural resistance against bacterial invasion 1) . Currently, self-etching primer adhesive systems have demonstrated good clinical performance to dentin 2) . This approach is less technique-sensitive and reduces the time required for the bonding procedure.
A new version of a fluoride-releasing adhesive system has been introduced in order to attempt to inhibit the action of secondary caries arising at the tooth-restoration interface 3, 4) . With regard to these fluoride-releasing restorative materials, some researchers have extensively demonstrated their significant cariostatic and antibacterial effects 5, 6) . Although advances in adhesive dentistry have brought about improvements in bonding systems and techniques, adhesive failures at the tooth-restoration interface still remain a challenge in the dental field 1) . The in vitro secondary caries tests and evaluation methods have been developed that assess demineralized lesions and inhibition zones of dentin due to acid challenge. These methods include polarized light microscopy 7, 8, 9) , a microhardness test 8, 10, 11) , microradiography 5, 12) , confocal laser-scanning microscopy and the x-ray analytical microscope 13, 14) . However, the magnification of such methods is limited if more detailed information at the interface between the cavity and restoration is required. Tsuchiya et al. (2004) used scanning electron microscopy (SEM) to analyze the ultrastructure of the adhesive-dentin interface after acid-base challenge 15) . They demonstrated formation of an acid-base resistant zone (ABRZ) adjacent to the hybrid layer, which was influenced by adhesive material composition. The ABRZ was observed in the self-etching adhesive systems, but not in acid etching systems 15, 16) . Shinohara et al. reported that the thickness of the ABRZ was increased by fluoride ion release from the adhesive 1) . The formation of the ABRZ was confirmed in intact and caries affected dentin 17) . However, the characteristics of the ABRZ are still unclear.
Therefore, the purpose of this study was to verify the dentin bond performance and the formation of the ABRZ at the bonded interface of one fluoride-free and two fluoride-releasing two-step self-etching primer/ adhesive systems. The hypothesis was that a fluoridecontaining adhesive could affect dentin bond strength and the ultrastructure of the adhesive interface.
MATERIALS AND METHODS
The materials used in this study are shown in Table 1 . Three adhesive systems were used in this study, which are classified as two-step self-etching primer adhesive systems: Clearfil SE Bond (Kuraray Medical, Tokyo, Japan), which is a fluoride-free adhesive system and FL-Bond and FL-Bond II (Shofu, Kyoto, Japan), which have fluoride-releasing components of F-PRG filler and S-PRG filler, respectively were the fluoride-releasing adhesive systems. Cleafil AP-X (Kuraray Medical, Tokyo, Japan) and Beautifil II (Shofu, Kyoto, Japan) were fluoride-free and fluoride-containing hybrid resin composites, respectively.
Microtensile Bond Strength test
The methodology of specimen preparation for the microtensile bond strength (µTBS) test is illustrated in Fig. 1 . Fifteen caries-free human third molars stored frozen after extraction were used for this study. Verbal agreement was obtained for their use in research. For each tooth, the coronal portion was cut horizontally to expose a flat mid coronal dentin surface using a low speed diamond saw (Isomet 1000, Buehler, Lake Bluff, IL, USA) under water refrigeration. The exposed dentin surface was then ground using 600-grit silicon carbide paper under water to produce a standardized smear layer. Each adhesive system was applied to the flat dentin surface according to the manufacturers' instructions. After curing the bonding resin, a resin composite (Clearfil AP-X for Clearfil SE Bond, Beautifil II for FL-Bond and FL-Bond II) was built up using increments approximately 1 mm thick. Each increment was light activated for 30s using a halogen light-curing unit (Optilux 501, Demetron-Kerr, Danbury, CT, USA). After storage in 37°C water for 24 h, the resin-bonded teeth were perpendicularly sectioned to the adhesive interface into 1 mm thick serial slabs with a diamond saw under water lubrication. The slabs were hand-trimmed into an hourglass shape with approximately 1 mm 2 crosssectional areas, using a superfine diamond point (ISO#013, SF114, Shofu) mounted in a high-speed turbine handpiece under copious water spray. The specimens were subjected to the µTBS test using a table-top material tester (EZ Test, Shimadzu, Kyoto, Japan) at a crosshead speed of 1 mm/min. The number of specimens per group for µTBS test was twenty. The µTBS data were statistically analyzed by one-way ANOVA and Scheffe'stest (p<0.05) using the Statistical Package for Medical Science (SPSS Ver.11 for Windows).
Failure mode
After µTBS test, the debonded specimens were mounted on brass stubs and sputter coated with gold. The fractured surfaces were observed using a SEM to identify the mode of failure. The failure modes were classified into four groups: R-cohesive failure in resin; A-adhesive failure; D-cohesive failure in dentin; and M-mixed failure (R and A, A and D, R and D 
Acid-base resistant zone
The methodology of specimen preparation for SEM observation is illustrated in Fig. 2 , which was conducted according to the previous methodology 17) . Six caries-free human third molars stored frozen after extraction were used for this study. Each tooth was sectioned at the mid coronal portion with a low-speed diamond saw to obtain approximately 1 mm thick dentin disks. Each surface of the dentin disk was ground with 600-grit silicon carbide paper under running water and then one of three adhesive systems described above was applied. The bonding procedure was conducted in the same manner as previously described. After curing the bonding resin, a resin composite (Clearfil AP-X for Clearfil SE Bond, Beautifil II for FL-Bond and FL-Bond II) was then placed between pairs of the prepared dentin disks and light-cured for 30 seconds each from the top and bottom surfaces to make a dentin disk sandwich. The bonded specimens were stored in distilled water at 37°C for 24 h. Subsequently, the specimen was vertically sectioned at the dentin-adhesive interface and then embedded in an epoxy resin (Epoxicure Resin, Buehler). Following this, the specimens were first stored in 100 ml of a buffered demineralizing solution, containing 2.2 mmol/ L CaCl2, 2.2 mmol/L NaH2PO4 and 50 mmol/L acetic acid adjusted at pH 4.5 for 90 min to create artificial secondary caries 18) . The specimens were then immersed in 5% NaClO for 20 min in an attempt to remove any demineralized dentin collagen fibrils, and rinsed with running water for 30 s. Following this, 4-META/MMA-TBB resin (Super Bond C&B, Sun Medical, Moriyama, Japan) was applied without acid etching to the treated surface in order to protect the demineralized surface from the polishing procedure. After curing of the 4-META/MMA-TBB resin, the specimens were vertically sectioned at the dentin-adhesive interface, and reduced to approximately 1 mm in thickness, then polished with diamond pastes (Struers A/S, Copenhagen, Denmark) down to 0.25 µm. The polished surfaces were etched with a beam of argon-ions (EIS-IE, Elionix, Tokyo, Japan) for 6 min to bring the hybrid layer into sharp relief. The operating conditions for argon ion beam etching were an accelerating voltage of 1 kV and an ion current density of 0.2 mA/cm 2 with the ion beam directed perpendicular to the polished surface 17) . The specimens were then gold-sputter coated and the morphological changes of the dentin-adhesive interface produced by acid-base challenge were observed under a SEM (JSM-5310LV, JOEL, Tokyo, Japan).
RESULTS

µTBS test
The µTBSs of the three adhesive systems to human dentin are shown in Table 2 . The µTBS of Clearfil SE Bond was significantly higher than those of FL-Bond and FL-Bond II (p<0.05). There were no significant differences in µTBS between FL-Bond and FL-Bond II (p>0.05).
The failure mode proportions of the debonded specimens are shown in Fig. 3 . For Clearfil SE Bond and FL-Bond II, more than 50% of modes of failure were cohesive failure in the bonding resin (R). Some of the failures showed cohesive failure in dentin (D) and the mixed failure (M). On the other hand, adhesive failure (A) was observed only in FL-Bond. Statistical analysis showed that the failure modes of FL-Bond were significantly different from those of Clearfil SE Bond and FL-Bond II (p<0.05). However, there was no significant difference in the mode of failures between Clearfil SE Bond and FL-Bond II (p>0.05).
SEM observation
Figs. 4 a-c are representative scanning electron micrographs of the adhesive-dentin interface after acidbase challenge. The SEM images of each specimen indicate good bonding between the adhesive and dentin after acid-base challenge. The dentin surface adjacent to the adhesives was demineralized after acid-base challenge, in which the outer lesion (OL) was observed Table 2 Microtensile bond strengths to human dentin Fig. 3 Failure patterns according to the SEM analysis R; cohesive failure in resin, A; adhesive failure, D; cohesive failure in dentin, M; mixed failure about 10 µm thick in all the specimens. However, the bonding resin of each group was not damaged by acidbase challenge. The hybrid layer (HA) was detected after argon-ion etching. Beneath HA, the ABRZ was observed at the OL front for each adhesive system, which is a dentin-like structure and in continuity with the dentin structure. For Clearfil SE Bond (Fig. 4a) , the thickness of HA was approximately 1µm thick. The ABRZ of Clearfil SE Bond was about 1 µm thick and was clearly observed adjacent to HA. For FL-Bond (Fig.  4b) , almost 1 µm of HA was clearly observed at the interface. The ABRZ of FL-Bond was about 0.5 µm thick, which was thinner compared with Clearfil SE Bond. The ABRZs of Clearfil SE Bond and FL-Bond were parallel and homogeneous to HA. For FL-Bond II (Fig. 4c) , the thickness of the HA was less than 0.5 µm.
The ABRZ of FL-Bond II sloped and increased from the top up to the end of outer lesion (OL). The top of the ABRZ of FL-Bond II was thinner compared with Clearfil SE Bond and FL-Bond, however, became thicker at the end of the outer lesion (OL) (arrow).
DISCUSSION
It is essential to create a hybrid layer at the resindentin interface in order to obtain proper adhesion. The hybrid layer is created by penetration and polymerization of adhesive monomers after removal and/or modification of the smear layer and superficial demineralization of the dentin 19) . The argon-ion etching technique allowed the hybrid layer to be visibly distinguished from the dentin-resin interface 20) . Roughening of the hybrid layer through argon-ion etching seems to be produced by selective removal of the impregnated resin components in the demineralized dentin. As a result of the edge effect of the roughened surface, this layer was clearly distinguished through the secondary electron image of the roughened surface 20) . However, it has been demonstrated that the resin monomers of some adhesive systems penetrated deeper than the hybrid layer distinguished by argonion etching 21) . Clearfil SE Bond is a fluoride-free two-step selfetching primer system. An acidic monomer, 10-methacryloxydecyl dihydrogenphosphate (MDP) in the primer can dissolve the smear layer and demineralize the underlying dentin, resulting in mild surface etching 15) . Good dentin bonding with a self-etching primer system has already been demonstrated in the previous laboratory studies 22, 23, 24) . It was suggested that the monomer of Clearfil SE Bond penetrated deeper than the previous reports. Inoue et al. (2006) , using nanoindentation test, suggested that formation of an ABRZ created by Clearfil SE Bond would be related to penetration of the adhesive monomers 17) . FL-Bond and FL-Bond II are fluoride-releasing two-step self-etching primer systems, which have fluoride-releasing components of F-PRG filler and S-PRG filler, respectively. These filler particles were created by pre-reacted-glass-ionomer (PRG) technology. With this technology, a glass ionomer phase is formed on the glass particles through the reaction of acidreactive fluoride (which contains glass) and poly acid in the presence of water, and the resultant product is classified"Giomer" 25, 26) . The PRG fillers can release and recharge fluoride-ions 26, 27) . S-PRG fillers of FL-Bond II have X-ray opaqueness so that radiopacity presented by the bonding layer serves for easy detection of secondary caries if it were formed under the bonding layer 28) . S-PRG fillers have biological effects. Nishio and Yamamoto (2002) found that fluoride released from S-PRG fillers was connected with the prevention of plaque accumulation on the surface of resin composite containing S-PRG fillers compared with commercial composite resins containing conventional fillers 29) . Beautifil and Beautifil II which contained S-PRG fillers exhibited little matured plaque accumulation 28) . FLBond contains carboxylic acid monomers, 4-AETA and 4-AET, which can react with dentin apatite to form water-insoluble salts (4-AETCa) and hydrogen bond between 4-AET and collagen fibrils 26) . The insoluble 4-AETCa formed play an important role in contributing to the durability of bonding to dentin against water invasion at the resin-dentin interface in long-term water immersion 28) . On the other hand, FL-Bond II contains a new carboxylic acid monomer and a phosphonic acid monomer, 6-MHPA (6-methacryloxyhexyl 3-phosphonoacetate) to improve adhesion to both smear layer-covered dentin and enamel 30) . From the µTBS results, Clearfil SE Bond provided significantly higher bond strengths to dentin compared with FL-Bond and FL-Bond II. However, there were no significant differences between FL-Bond and FLBond II. It has been reported that fluoride contained in the adhesive influences dentin bond durability. The durability of the dentin bond created by a fluoridereleasing adhesive did not change after six-months of storage, whereas there was a significant decrease in bond strength with a fluoride-free adhesive 5, 31) , which suggested that fluoride-releasing adhesive systems may enhance the mineralization of decalcified dentin beneath composite resins and thereby contribute to the longevity of restorations.
A SEM is a powerful tool for analyzing the ultrastructural morphology of the dentin-adhesive interface. Tsuchiya et al. observed artificial secondary caries inhibition around adhesive restorations in bovine root dentin using a SEM. A demineralizing solution was used to create artificial secondary caries in the specimens. Following this, a 5% sodium hypochlorite solution was used to remove the demineralized dentin collagen fibrils 15) , in order to clearly examine the ultrastructural change at the interface. They reported that the ultrastructure of the cavity margin after acidbase challenge varied, which was adhesive material dependent. When a self-etching primer system was applied, formation of an ABRZ was observed beneath the hybrid layer, which was distinguished by argon-ion etching. Surprisingly, the zone was not observed in acid-etching system 15) . The previous study also reported a similar phenomenon with 4-META/ MMA-TBB resin 16) . Inoue et al. (2006) established a simple method of specimen preparation to characterize the ABRZ in human teeth. They observed ABRZs in intact and caries-affected dentin, however, the ABRZ of cariesaffected dentin was thicker than that of normal dentin. The nanoindentation test demonstrated that the nanohardness of the ABRZ area was between the hybrid layer and dentin in both normal and cariesaffected dentin specimens 17) . The SE Bond adhesive demonstrated good resistance to the acid-base challenge, which is the same result as in the previous studies 1, 17) . After argon-ion etching, the hybrid layer detected in Clearfil SE Bond was approximately 1 µm thick and the ABRZ of approximately 1 µm thick was observed beneath the hybrid layer.
The ABRZ of FL-Bond II was thinner compared with Clearfil SE Bond and FL-Bond at the top of outer lesion, but thicker at the end of outer lesion. The ABRZ of FL-Bond II sloped and increased from the top to the end of outer lesion, while the ABRZs of Clearfil SE Bond and FL-Bond were parallel and homogeneous. Slope formation was not observed in FL-Bond, which may have been due to insufficient fluoride release from the FL-Bond adhesive, because F-PRG filler particles could not be clearly observed in the SEM picture. On the other hand, S-PRG fillers could be observed in the bonding resin of FL-Bond II. The slope formation of FLBond II is believed to be due to fluoride-release from the adhesive.
Although the characteristics of the ABRZ are still unclear, ABRZ formation may be due to the potential for monomer penetration and fluoride release in the adhesive systems 1) . Watanabe et al. (1991) observed a self-etching primer adhesive system-dentin interface after mild acidic treatment by TEM. They reported that hydroxyapatite particles were wrapped with polymer remaining below the hybrid layer 32) . A micro laser Raman spectroscopic examination of the interface between a self-etching primer system and dentin demonstrated that a resin monomer could penetrate deeper than the hybrid layer identified by an argon-ion beam etching 21) . Carvalho et al. (2005) demonstrated that with some mild self-etch adhesive systems, a zone of partially demineralized but uninfiltrated dentin was formed beneath the hybrid layer. They speculated that due to the reduced etching potential of acidic monomers toward the base of hybrid layers, spaces containing products formed by dissolved calcium and phosphate ions during self-etching were created 33) . It has been widely accepted that fluoride could facilitate remineralization or prevent demineralization of the dental structure 34, 35) . Fluoride releasing from restorative materials has been extensively researched for many years 6, 35) . Regarding the presence of a fluoridereleasing component in the adhesive resin, several studies 9, 36) have established the ability of fluoride ions to inhibit secondary caries by the remineralization of dentin around the restoration. As fluoride-releasing adhesives are in direct contact with the cavity wall, fluoride ions released from them easily penetrate into the dentin at the cavity wall 37) . Ferracane et al. (1998) reported that a fluoride-containing adhesive released fluoride into the microspaces of a restored cavity, and thus offered some degree of protection from demineralization and recurrent caries 38) . Shinohara et al. (2006) reported that a fluoridereleasing adhesive system, Clearfil Protect Bond, exhibited a significant behavior in the acid-base challenge. The formation of a thick ABRZ was related to the presence of fluoride-releasing component in the adhesive resin. They explained that the presence of a thick ABRZ adjacent to the hybrid layer after acid-base attack, when a fluoride-releasing adhesive was used, was due to fluoride released from those spaces beneath the hybrid layer 1) . As a result, the reaction of fluoride and other products prevented demineralization of the dental structure. Therefore, this hypothesis was partially accepted. The fluoride contained in the adhesive did not demonstrate a clear effect on the early microtensile bond strengths to dentin. The bond strengths to dentin were adhesive material dependent. The compositions of each material are different for each other, which strongly influence dentin bonding performance. However, the fluoride-containing adhesive system of FL-Bond II created a thicker ABRZ after acid-base challenge.
Secondary caries begins at defects such as gaps in the marginal areas of restorations. The two-step selfetching primer/adhesive systems used in this study demonstrated good dentin bonding performance and sealing ability, and also good resistance against the acid-base challenge. Therefore, formation of an ABRZ is important in the prevention of secondary caries around a restoration, however, that depends on the adhesive system. Further studies should be carried out to characterize the mechanical, chemical and biological properties of ABRZ.
